tions. The organization of the layers was first seen by Fernandez-Moran (1950) in osmium tetroxidefixed, freeze-sectioned tissue, and later with greater clarity in thin sections of methacrylateembedded tissue by Sjostrand (1953) . The rapid improvement in electron microscope techniques that occurred about this time soon brought about the routine demonstration of myelin layering. Since then electron microscope studies of myelin have developed in several different directions.
Detailed studies of the relationships between the myelin layers and neighbouring structures such as Schwann cells and axons in peripheral nerve fibres have led to most important findings concerning the process of myelination, whilst experimental attempts to modify the myelin layers have led to a better understanding of the shrinkages and density changes introduced by the preparative techniques, and have also made important contributions to the problem of determining the detailed molecular structure of the myelin layers. A start has also been made on more detailed analyses of the distribution and classification of nerve fibres in nerve trunks and also on studies of degenerating tissue such as might be of interest in relation to demyelinating diseases. The Myelin Layers In the intact tissue the myelin layers are probably of uniform structure and regularly spaced, but in electron micrographs some distortion is nearly always evident. This involves variations in the layer thicknesses measured in different parts of the sheath and even in the detailed appearance of the layers. Under the best conditions a high degree of uniformity of layering, as is illustrated in Fig 1, can be obtained, but in some circumstances, such as the routine preparation of pathological specimens for electron microscopy, it is often difficult to maintain such high standards.
From measurements made on selected areas showing minimum distortion most authors quote a figure between 110 A and 130 A for the thickness of the myelin layers in preparations from a wide variety of sources. In osmium tetroxide-fixed preparations dense lines about 30 A wide alternate with broad (90 to 100 A) less dense regions bisected by a line of intermediate density which is generally somewhat narrower than the main dense line but more variable in its appearance. This intraperiod dense line is more consistently demonstrated in KMnO4-fixed preparations, and prolonged fixation with this reagent can result in a similarity (in both width and density) between main and intraperiod dense lines. The structure featuring a main dense line and a less prominent intraperiod dense line has come to be regarded as the normal appearance for electron microscopy of myelin. From a comparison of this 'normal' appearance with the low angle X-ray diffraction data derived from fresh tissue it can be seen that the layer thickness is considerably reduced, and it can also be concluded that the density variations within the structure have been modified by the preparative techniques. A detailed X-ray diffraction study (Fernandez-Moran & Finean 1957 , Finean 1958 of the effects on myelin structure of the preparative techniques for electron microscopy has specified the changes associated with each step in bhe process and confirmed the correlation between the myelin layers of the physiologically active tissue and the layers visualized in the electron microscope.
The electron microscope appearance of the myelin layers is essentially the same for peripheral and central nerve tissue (Fig 2) and for a wide variety of mammals, birds, amphibia and fish, although some relatively minor differences can be demonstrated in the low angle diffraction patterns of the fresh nerve preparations (Finean 1960a ).
The Origin ofthe Myelin Layers A most important contribution to our knowledge of the structure of the myelin sheath that has come from electron microscope studies is the'demon- stration that the myelin layers are derived from a cell membrane. This was first suggested from electron microscope studies of developing nerve fibres in chick embryo where it was possible to see various stages of a process in which the Schwann cell enclosed the nerve axon in an invagination in its surface and then appeared to wrap layer upon layer of its surface membrane or, to be more precise, double layer upon double layer (Fig 3a) around the axon (Geren 1954) . In the fully myelinated fibres the opening out of the innermost myelin layer (the inner mesaxon) to surround the axon, and the connexion between the outer myelin layer and the Schwann cell membrane (outer mesaxon) remain (Fig 3b) and these were demonstrated by Robertson (1955) and others.
The significance of this mechanism of myelin formation in relation to some features of the myelin structure was quickly appreciated. The myelin layer is, in fact, derived from two oppositely oriented layers of an asymmetric Schwann cell membrane (Finean 1956 ). The site of the main dense line in the myelin unit is related to the apposition of inner (cytoplasmic) surfaces of the Schwann cell membranie during myelin formation; and the intraperiod dense line is similarly related to the outer surface of the Schwann cell membrane. It is clear that the membrane is markedly asymmetric in its reaction towards the preparative techniques of electron microscopy, e.g. staining with osmium. In terms of normal densities (as deduced from X-ray diffraction data) the difference between the two surfaces is much less pronounced. Connexions between myelin layers and cell membranes in the central nervous system have been much more difficult to demonstrate (Luse 1956 ). This appears to be because the glial cells responsible for myelination are much less intimately associated with the individual nerve fibres than in the case of peripheral nerve and Schwann cells. However, in the optic nerves of some lower animals it has now been demonstrated (Maturana 1960 , Peters 1960 ) that the outermost layer of myelin opens into a small loop ( Fig 3c) which is actually related to the cross-section of a relatively narrow process emanating from a glial cell located some distance away. It would appear that a single glial cell may myelinate a number of axons in this way. Such loops do not appear to be so readily demonstrable in mammalian central nerve tissue, but there seems to be little doubt that something of this type does exist, and observations have been reported but so far not clearly demonstrated in publications. The dividing of the innermost layer to envelop the axon (Fig 3c) is readily observable in electron micrographs of central nerve fibres (Fernandez-Moran & Finean 1957) and the observation leaves little doubt that the process of myelination in all central fibres is essentially as described above.
The so-called unmyelinated fibres of the peripheral nerves also feature axons which are enclosed in invaginations in the Schwann cell surface (Gasser 1955 , Robertson 1958b ), but in this case there is only a single membrane layer around each axon and several axons may be enclosed in different invaginations in the surface of one Schwann cell (Fig 4) . An interesting feature of such interactions as pictured in electron microscopy is that where Schwann cell surface and axon are apposed, and also when Schwann cell surfaces come together to form a mesaxon, the dense lines (double contoured lines in KMnO4-fixed preparations; Fig 4b -inset) featured in the two surfaces remain separated by a region of low density which is about 150 A thick (Robertson 1957a, b) .There is some evidence that this layer is highly hydrated high magnification (x 140,000) showing detail ofstructure at the site of apposition of axon and Schwann cell membranes. Note the doubling of the dense lines ( -75 A unit membrane) and the wide region (-150 ) oflow density separating them at the cell interface. Aaxon, Mmesaxon, SC -Schwann cell and is eliminated during the process of myelination, but there remains some uncertainty as to whether or not it should be considered part of the cell surface. Another point to note is that if myelin is to be equated with Schwann cell membrane then even these 'unmyelinated' fibres contain a small amount of myelin.
Nodes (of Ranvier)
The structural arrangement at the nodes of Ranvier in peripheral nerves is essentially that of a boundary between adjacent sections of myelin laid down by different Schwann cells. In longitudinal section (Robertson 1956 , Uzman & Nogueira-Graf 1957 the layers of myelin are seen to get progressively longer (in the direction of the fibre axis) as they go out from the axon surface. In this way successive layers overhang each other and it is the outer layers that approach each other at the nodes of Ranvier. In some cases the adjacent segments of myelin have been observed to fail to maintain contact with each other and thus to leave a part of the axon bare, whilst in others the nodal region has been found to be invaded by a number of finger-like processes, presumably from the Schwann cells, which interdigitate to cover the axon surface. As might be expected from the method of myelin formation, features similar to those of the nodes of Ranvier are observed also in the central nervous system (Uzman & Villegas 1960 ) but owing to the closer packing of the myelinated fibres and the distant association of the satellite (myelinating) cell they are not sufficiently pronounced to be observable in the light microscope.
Schmidt-Lanterman Clefts or Incisures
From electron microscope studies, Robertson (1958a) described these structures as shearing defects in the myelin sheath. There is no clean break at the cleft; the myelin layers continue unbroken but are simply sheared apart over a short distance.
Experimental Modifications ofthe Myelin
Once a reliable routine demonstration of myelin layers of relatively constant characteristics had been achieved it was possible to attempt to introduce experimental modifications of the myelin in order to ascertain the chemical and physicochemical derivation of the features seen in the electron micrographs. From a preliminary electron microscope and X-ray diffraction study of a number of types of modification of the myelin layers, Fernandez-Moran & Finean (1957) concluded that the conditions which led to variations in the appearance of the intraperiod dense line were such as to suggest that the site of this line corresponded to an ionic region such as a lipoprotein interface rather than to a region of unsaturation in lipid chains. In a subsequent more detailed electron microscope study of the process of dehydration of the myelin Finean (1960b, c) obtained further support for the idea that the intraperiod dense line represented a region of ionic groups and of hydration in the original tissue. This experimental series produced remarkable variations in the appearance of the myelin layers some of which are illustrated in Fig 5. A complete interpretation of these results has not yet been possible, but it is already clear that virtually any treatment which affects the ionic conditions in myelin leads to a molecular rearrangement within the structure which produces inhomogeneities within the myelin layers without, A specific structural point deduced from studies of myelin treated with hypotonic solutions (Robertson 1958b ) was that the site of the intraperiod dense line was readily hydrated and indeed was split open by water, but that the main dense line was apparently not affected by ionic conditions. Such experiments, in addition to providing useful information relating to the probable chemical interpretation of the electron micrographs, also give some indications of factors affecting membrane stability which may be of value in relation to the process of demyelination and perhaps to other pathological changes in the myelin structure.
Studies ofHuman Tissue
Studies of direct clinical interest are only just beginning to be reported, but in the context of this Symposium there is some justification for mentioning preliminary work relating to myelin in human nerves and that relating to the process of demyelination.
It has proved relatively easy to obtain good preparations of human peripheral nerve taken at biopsy, and in press at the moment is a paper (Finean & Woolf 1961) by myself and Dr Woolf of the Midland Centre for Neurosurgery giving preliminary results of a study of a selection from 75 sensory nerve preparations taken from people suffering from neuromuscular disorders. The general picture of myelinated tissue is exactly the same as that derived from other mammals. The myelin layers appear to be identical, and the process of myelination is obviously similar to that already described. We have seen no significant modifications in the appearance of the myelin layers, but there are great variations in the extent of myelination which are readily correlated in a general way with the clinical condition of the patient. Some preparations from adult tissue have shown very few myelinated fibres and some none at all, but unmyelinated fibres have remained numerous. Now that we can study the morphological detail of the interactions between axons and Schwann cells throughout the tissue it may be possible to attempt some classification of the fibres which might be of value in detecting abnormalities. However, the interactions show a very great variety of form and the task of classification in detail is a formidable one. So far it has been possible to make only a few general points concerning this interaction. The first is that when myelination takes place it usually involves one axon and one Schwann cell. Only one or two exceptions have yet been encountered. The con-verse is, however, not established. In adult fibres there are invariably many examples of unmyelinated fibres involving one axon and one Schwann cell, and no evidence that myelination will ever occur. Consequently, in cases where we have found a complete absence of myelination, the fact that some single axon-Schwann cell interactions are to be observed, does not mean that these are the fibres that would be expected to myelinate but have failed to do so. There is at the moment no way of deciding. whether the fibres that would normally be myelinated are present at all in these preparations. It will clearly be necessary to make a more systematic analysis of the composition of the nerve trunk and to achieve some kind of correlation with the various functions served by the individual nerve fibres before morphological defects of athological significance can be identified at the level of resolution now available.
We have also made some preliminary electron microscope studies of human spinal cord but the standard of preparation so far achieved with postmortem material has been well below the standard we achieve with other mammals. However, these preparations have confirmed that the general arrangement of fibres and the appearance of the myelin layers are essentially similar to previous findings relating to other species, but it has not yet been possible to attempt any detailed analysis of the tissue.
Myelin Degeneration
The initiations of a number of electron microscope studies of demyelination processes have been reported but so far few detailed results have been published. Fernaindez-Morain (1959) reported a granulation of the main dense line and a disappearance of the intraperiod dense line from the myelin layers in peripheral nerve preparations which had been allowed to undergo wallerian degeneration for several days, but little evidence was presented. Webster & Spiro (1960) have also published some preliminaries to a study of experimental demyelination but the first publication was confined to a description of the variations of form among the myelinated fibres of normal preparations.
Our own studies of biopsy preparations of human cutaneous nerve have led to the tentative recognition of sites of demyelination, but we have not yet clearly recognized intermediate stages in the demyelinating process. Fig 6a is a low magnification electron micrograph of a preparation from a patient suffering from an obscure, slowly progressive, peripheral neuropathy. A notable feature of such micrographs is the number of relatively large axons (examples labelled A in Fig 6) occurring in,regions of unusually low density. The general size and distribution of such regions is similar to that of myelinated fibres in normal tissue, and these may be areas in which demyelination has occurred. In one or two such areas axons are surrounded by a few layers of myelin but these are probably examples of remyelination rather than intermediate stages of demyelination.
An electron microscope study of experimental demyelination in the central nervous system has recently been published by Bunge et al. (1960) . Demyelination was induced in cat spinal cord by a repeated withdrawal and reinjection of cerebrospinal fluid. Preparations made within a few days of producing the experimental lesion showed a general loosening and final disintegration of the myelin layers, but the authors gave noinformation relating to the precise locations in the myelin layers at which the loosening commenced. From a consideration of such information in relation to studies of direct experimental modifications of myelin it might be possible to suggest what physical or chemical conditions could be responsible for this disintegrating effect. A remarkable feature of this study was the demonstration of a remyelination of some of these central nerve fibres within seVen days after the production of the lesion. The process of remyelination appeared essentially normal although it was suggested that macroglial rather than oligodendroglial cells were responsible.
The potentialities of the electron microscope techniques in relation to the study of demyelinating diseases are clearly demonstrated but there is still a lack of systematic analyses of nerve tissue at high resolution such as will be required if abnormalities other than those which would be recognized equally well by light microscopy are to be detected.
The Metabolism of Myelin by Professor G Payling Wright DM FRCP (London)
Among the many questions posed by multiple sclerosis and other comparable demyelinating diseases, one that is crucial for our ideas on their -pathogenesis is the durability of normal myelin sheaths in the mature central nervous system. Once they are laid down, do these sheaths have little metabolism and a long persistence, comparable, for example, with the persistence found by Neuberger for collagen fibres in adult animals? Or do they ordinarily need constant maintenance throughout lifea kind of unceasing running repairundertaken uninterruptedly by the neuroglial cells that originally took part in their deposition ? If constant maintenance is required the loss of the myelin sheaths in these diseases might result from some metabolic failure of these specialized cells. On the other hand, if the sheaths are normally a stable component of the nervous system their loss must be accounted for in some other waypossibly through an attack by some lytic agent that reaches them from their outer surface. Evidence that might lend weight to one or other of these possibilities could also prove of value in suggesting further lines of experiment designed to throw light on the pathogenesis of the process of demyelination.
The biophysical studies carried out with X-ray diffraction methods and with electron microscopy, discussed by Dr Finean, have shown that the myelin sheath is not a mere lipid tubular envelope for the nerve fibre, but that it possesses an elaborate internal molecular structure reminiscent of the interfacial lipid films studied by Langmuir & Adams. The regular arrangement and close alignment of the constituent protein and lipid molecules, together with the low concentration of 'free water', all suggest an absence of that freedom for molecular movement under thermal forces which is needed for rapid anabolic or catabolic transformations. These ideas were in the minds of my
